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ABSTRACT 


This report introduces a technique for measurement of nonaxial 
forces produced by solid-propellant rocket motors which is independent 
of thrust stand interactions and motor weight variations. The technique 
consists of measuring the axial and two horizontal transverse forces 
(three components) while spinning the motor about its axial centerline. 

The accuracy of radial force measurement using the spin technique was 
established from a dynamic transverse force calibration which was 
accomplished in the presence of a 4800-lbf, thrust-simulating axial load. 
It was determined that radial forces having magnitudes less than 10 lbf 
could be determined within 0. 5 lbf and that radial forces greater than 
10 lbf could be determined within 5 percent at rotational speeds up to 
250 rpm. The principle of the technique, its limitations, and advantages 
are discussed. Details of the dynamic transverse force calibrations and 
test results of nonaxial force measurements during motor firings are also 
presented. 
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SECTION I 
INTRODUCTION 


The extent to which the thrust vector of a solid-prop ell ant rocket 
motor is misaligned from the motor axial centerline is of great signifi¬ 
cance for many space applications where precision trajectory require¬ 
ments exist. Nonaxial force measurement has, heretofore, been 
accomplished through testing on a multicomponent thrust stand which 
requires that the six components (Fig. 1), which define the force system, 
be individually measured. This method, however, has several inherent 
complexities which necessitate large corrections to the measured force 
data. Primary among these corrections are those necessary to account 
for motor weight variations with time and for thrust stand interactions 
which produce biased force measurements. A precise knowledge of the 
variation in motor weight and center-of-gravity location with time as 
well as the characteristics of the thrust stand is essential for accurate 
force measurement. 

A technique for nonaxial force measurement which circumvents the 
aforementioned complexities was devised by personnel of the Rocket 
Test Facility, Arnold Engineering Development Center. The method 
consists of measuring the axial thrust and two horizontal transverse 
forces (three components) while rotating the motor about its horizontally 
oriented axial centerline. The spin method eliminates the two vertical 
force measuring systems required in the six-component stand method 
since, during one revolution of the test motor, the radial component of 
the thrust vector is twice located precisely in the horizontal plane. In 
addition, thrust stand interactions are inconsequential since the magni¬ 
tude of the nonaxial force is proportional only to the double amplitude 
(forced difference) of the sinusoidally varying load cell output signal. 
However, the spin method of side force measurement assumes that the 
misaligned thrust vector intersects the spin axis and thus does not account 
for the roll component of the force system. 

A dynamic transverse force calibration was performed in Propulsion 
Engine Test Cell (T-3) of the Rocket Test Facility to determine the 
accuracy of force measurements using the spin technique. The calibra¬ 
tion force was generated by an eccentrically mounted mass which, when 
rotated about the spin axis, produced a radially directed centrifugal force 
of known (calculated) magnitude. Data were obtained at various rotational 
speeds with three levels of imparted unbalance. 

This report presents a discussion of the apparatus and operational 
principles used with the spin technique for nonaxial force measurement. 
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The configuration and results of the dynamic force calibration conducted 
as part of the system checkout are discussed. Transverse force meas¬ 
urements obtained during solid-propellant motor firings, accomplished at 
rotational speeds of 100 and 200 rpm, are presented. 


SECTION II 

APPARATUS AND OPERATIONAL PRINCIPLES 


The test configuration for spin technique transverse force meas¬ 
urements consists of a horizontally oriented thrust cradle supported 
vertically by three double-flexure columns (Fig. 2). The cradle is re¬ 
strained in the horizontal plane by one axial and two transverse columns, 
each containing a flexure-mounted, force-measuring load cell. The test 
motor is supported by forward and aft bearing assemblies and is rotated 
by an electric drive motor mounted on the cradle. The basic spin rig in 
Propulsion Engine Test Cell (T-3) (Ref. 1) was designed to accommodate 
motors having diameters up to 36 in. with maximum lengths up to 
approximately 120 in. 

Nonaxial force measurement is accomplished by measuring forces in 
a horizontal plane and perpendicular to the motor centerline at two axial 
locations while rotating the motor about its axial centerlinet(Fig. 3). The 
angular location (0) defining the direction of the nonaxial force component 
(F^.) can be determined through motor rotation since the traversing, 
radially directed motor force vector will produce a sinusoidal output from 
the two transverse force measuring systems. The transverse component 
of the motor thrust vector (F*) is located in the horizontal plane at the 
times when F u and F d (Fig. 3) are either maximum or minimum. The 
ma gni tude and axial position of F t can be determined by properly summing 
the system forces and moments at times when F^ is in the horizontal plane. 
Examples of the expected variation in F u and Fj with time for two axial 
locations of F t and the corresponding methods of calculation are shown in 
Fig. 4. 

The spin technique for nonaxial force measurement has two significant 
advantages over the six-component stand method. The motor weight change 
correction, which must be applied to the measured vertical forces when 
using the six-component method and which can be as much as two orders of 
magnitude greater than the force which is to be measured, is not required 
with the spin technique since all forces are measured in the horizontal 
plane. Thrust stand interactions do not affect the transverse force meas¬ 
urements since the spin technique depends only on a force difference (not 
absolute value). For example, with no interaction and a constant motor 
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nonaxial force, the outputs from the transverse force measuring system 
will oscillate sinusoidally about zero with the values of maximum and 
minimum forces being equal in magnitude but opposite in sign (Fig. 5a). 
However, when interaction effects are present, the sine wave is dis¬ 
placed by an amount which is dependent upon the degree of interaction 
present (Fig. 5b). The magnitude of the nonaxial force is equal to one- 
half of the algebraic difference between the maximum and succeeding 
minimum measured force. The magnitude of the thrust stand interaction 
effect is one-half of the algebraic sum of a maximum and succeeding 
minimum measured force. It can be seen from the above discussion that 
the nonaxial force component is derived from a signal at least twice as 
great as that which would be measured by a six-component method. For 
example, with the six-component stand the signal generated by the trans¬ 
verse force is distributed between four load cells (neglecting roll). With 
the spin technique, a double amplitude signal is distributed between only 
two measuring stations, thereby contributing toward improved system 
data accuracy. 

Assumptions and corrections associated with the spin method for 
measuring transverse forces are: The data must be corrected for system 
centrifugal unbalance forces resulting from spinning. The technique 
assumes that any variation in the direction and magnitude of the trans¬ 
verse vector will be small during each revolution of the test motor. It 
is assumed that nonaxial forces intersect the spin axis, and thus the roll 
component of the force system is neglected. The unbalance correction 
can be minimized by testing at low spin rates (since centrifugal force is 
proportional to the square of rotational speed) and by precise balancing of 
the unit prior to test. 


SECTION III 
CALIBRATION 


The accuracy of force measurement which might be expected using 
the spin technique was determined from a dynamic force calibration. 
The calibration consisted of rotating an eccentrically mounted weight 
about the spin axis, thereby producing a calculable centrifugal force. 
Data were obtained at various rotational speeds with three levels of im¬ 
parted unbalance. This section presents a discussion of the calibration 
configuration, instrumentation, and results. 

3.1 CONFIGURATION 

A photograph and schematic of the calibration configuration are 
shown in Fig. 6, The rotating assembly consisted of a 19. 38-in. -diam 
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cylindrical can supported from a flexure-mounted cradle by forward 
and aft bearing assemblies. A threaded steel retainer rod was placed 
through the can in an axial plane located 56 in. downstream of the up¬ 
stream transverse load column. The distance between the transverse 
load columns was 84 in. The center of gravity of the symmetrical rod 
was positioned on the spin axis to within ±0. 001 in. 

Two stainless steel solid cylinders, threaded through their center- 
lines, were used to provide the specified unbalance. The cylinders 
weighed 10. 043 and 5. 020 lb m and were threaded to the rod at varying 
radial locations to provide different levels of imparted unbalance. 

An axial force of constant magnitude was applied to the thrust 
cradle by means of a deadweight acting through a bell crank lever mech¬ 
anism to provide cradle force interaction effects. 


3.2 INSTRUMENTATION 

Instrumentation was provided to measure horizontal forces directed 
perpendicular to the spin axis at two axial locations. Double-bridge, 
strain-gage-type load cells having a range from 0 to 200 lbf were em¬ 
ployed. The angular position and rotational speed of the spin rig were 
determined by a magnetic pickup which provided a pulse output when screw 
pegs (Fig. 6b)' passed the pickup face. The pegs were positioned angularly 
at 10-deg increments on the rotating assembly. 

The d-c output signals from the force measuring load cells were 
amplified and recorded on a frequency modulated (FM) magnetic tape 
recording system. The pulse outputs from the rotational speed and 
angular position magnetic pickup were displayed on a photographically 
recording, galvanometer-type oscillograph which recorded at a paper 
speed of 16 in. /sec. 

After a calibration run, the FM recorded side load data were re¬ 
recorded on magnetic tape through electronic low pass filters in series 
with a multi-input, analog-to-digital converter. The filters were used 
to attenuate all frequencies (resulting from system vibration) greater 
than the rotational speed. Playback of this tape to an IBM 7074 com¬ 
puter provided a printed tabulation of force at 0. 01-sec time increments. 
The angle at which the measured force maximized was determined from 
the filtered transverse force data and spin rig angular position pulses 
(Fig. 7) displayed on an oscillograph recorder. Details of the filtering 
technique are discussed in the Appendix. 
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3.3 PROCEDURE 

After the cylindrical can and eccentric mass retainer rod were in¬ 
stalled in the spin fixture, the rotating assembly was balanced to within 
3.5 in. -lb m . The total centrifugal force produced by the remaining 
3. 5 in. -lb m unbalance was 1.0 lbf at a rotational speed of 100 rpm. 

The calibration mass was then threaded to the retainer rod and locked 
at a radial position which would provide the desired level of imparted 
unbalance. The radius at which the mass was located was determined 
within 0. 002 in. through precision measurement of the distance between 
the machined end of the retainer rod and the center of the calibration 
mass. The final level of unbalance which was used to determine the 
calculated centrifugal force was obtained by vectorially adding the meas¬ 
ured residual system unbalance {3. 5 in. -lb m ) and that calculated for the 
eccentric calibration mass. The force measuring load cells were then 
electrically calibrated, and a thrust simulating axial force of 4800 lbf 
was applied. The rotating assembly was spun up, and data were recorded 
at nominal rotational speeds of 30, 140, 250, 190, and 80 rpm. Data were 
obtained at corrected unbalance levels of 54. 65, 92. 15, and 148. 52 in. -lb m 
with the facility equipment {which is normally used to provide high altitude 
pressure simulation) inoperative. Since this equipment would provide an 
additional energy source for exciting the system resonant frequencies, a 
series of spin-ups was accomplished with 92. 15 in. -lb m unbalance at a 
pressure altitude of approximately 100, 000 ft to determine if higher am¬ 
plitude extraneous vibrations could be effectively filtered from the calibra¬ 
tion data. 

A post-calibration check was made to verify that the magnitude and 
angular position of the residual system unbalance had not varied. 

3.4 RESULTS 

Calibration data were obtained at varying rotational speeds for 
nominal levels of unbalance of 50, 100, and 150 in. -lb m and with a 
4800-lbf thrust simulating axial load applied to the flexure-mounted 
cradle. All data were obtained with the calibration (unbalance) force 
applied at an axial position 56 in. aft of the upstream transverse re¬ 
straining column. This placement of the calibration force would theo¬ 
retically provide in-phase sinusoidal variations in F u and with the 
magnitude of F^ being twice that of F u . Data were also obtained with the 
test chamber evacuated to a pressure altitude of approximately 100,000 ft 
at the 100 in. -lb m unbalance condition to determine the effect of higher 
vibration levels (from facility equipment) on data filtering capability. 


5 



AE DC-TR-65-228 


The analog variation in measured transverse forces for a typical 
rotational speed (140 rpm) during the altitude run is presented in 
Fig. 7a. The high noise-to-signal ratio (-5 to 10) clearly indicates the 
necessity for data filtering. The data presented in Fig. 7b were ob¬ 
tained by re-recording the data shown in Fig. 7a through a low pass 
electronic filter. Filter calibrations indicated that filtering had no 
appreciable effect on data accuracy. A complete description of the 
filtering technique and data reduction methods is presented in the 
Appendix. 

3.4.1 Comparison of Measured and Calculated Force Data 

The measured total side force is presented in Fig. 8 as a function 
of rotational speed for three levels of forced unbalance. The calculated 
centrifugal force is also shown for comparison. It can be seen that the 
difference between the measured and calculated centrifugal force in¬ 
creased with rotational speed for all three unbalance conditions. 

The ratio of measured to calculated centrifugal force is presented 
as a function of rotational speed in Fig. 9. The high departures of 
measured force from calculated centrifugal force at a rotational speed of 
30 rpm occur because of the large effect that small force variations have 
on the force ratio at this condition. For example, the 15. 5-percent de¬ 
viation shown for 100 in. -lb m unbalance at 30 rpm represents a meas¬ 
ured force only 0. 5 lb f greater than the 3.23-lb f calculated centrifugal 
force. The trend of increasing ratio of measured-to-calculated centrif¬ 
ugal force with rotational speed in Fig. 9 is the result of the dynamic 
effect of free vibrations acting in combination with forced vibration. The 
equations describing this dynamic effect are developed and discussed for 
a single-degree-of-freedom forced vibration system in Ref. 2, where 
the ratio of the measured to disturbing (centrifugal) force magnitude is 
termed the magnification factor. The magnification factor is proportional 
to the system natural frequency and damping ratio and to the frequency of 
the disturbing force. However, the effect of damping ratio on the magni¬ 
fication factor is small in the region where the impressed frequency is 
much less (-one-fourth) than the natural frequency. The curve shown in 
Fig. 9 represents the calculated variation in the magnification factor with 
rotational speed for a single-degree-of-freedom forced vibration system 
with a resonant frequency equivalent to that determined for the calibration 
configuration (12 cps) and with zero damping. The ratio of measured to 
centrifugal force clearly follows the theoretical variation of the magnifica¬ 
tion factor. 

The difference between the actual and measured transverse force 
angular positions is presented in Fig. 10 as a function of rotational speed 
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for the 50 in. -lb m unbalance condition. The measured angular position 
lagged the actual by an amount which increased with rotational speed 
to a value of 13 deg at 240 rpm. The angular difference results from 
the forced vibration angular phase lag (Ref. 2), which is associated 
with the previously discussed magnification factor. The three curves 
shown in Fig. 10 represent the theoretical variation in the forced vibra¬ 
tion phase lag angle for a system having a natural frequency of 12 cps 
with varying damping ratios. Damping ratio measurements on systems 
comparable to that used during the calibration indicate that the damping 
ratio could be expected to be in the range of from 0. 1 to 0. 3. The phase 
lag measurements presented in Fig. 10 indicate the damping ratio to be 
approximately 0. 2 with a scatter of ±5 deg. which is the smallest 
angular increment which can be accurately resolved from the 10-deg 
increment angular position pulses. The angular position was also deter¬ 
mined within 5 deg during a more recent calibration where total nominal 
transverse forces of 2, 4, 6, 8, and 10 lbf were produced at 100 rpm. 

The variation in the ratio of the measured downstream to measured 
total force is presented in Fig. 11 as a function of force magnitude. This 
parameter is of significance during a motor firing since the apportion¬ 
ment of the total transverse force between the two axial measuring 
stations determines the axial position at which the motor misaligned thrust 
vector either intersects or is nearest the motor axial centerline (or spin 
axis). For the force calibration reported herein, the eccentrically 
mounted calibration mass was placed at an axial location, which should 
distribute the centrifugal force so that two-thirds of the total measured 
force is applied to the downstream transverse restraining column. It 
can be seen in Fig. 11 that the ratio ranged from 0. 667 to 0. 696 for all 
total force magnitudes greater than 10 lb f . As previously discussed, the 
scatter shown for force levels less than 5 lbf is the result of the large 
effect which small force deviations have at this operating level. Also 
presented in Fig. 11 is a scale which shows the indicated displacement of 
the calibration force (as determined from the force distribution) from the 
true axial position at which it was placed. The force distribution correctly 
indicated the axial placement of the calibration force within 3 in. for force 
levels greater than 10 lbf. 

3.4.2 Estimated Accuracy al Nonaxial Force Measurement 

The calculated centrifugal force was corrected for the theoretical 
magnification factor previously discussed, and the subsequent parameter, 
Fpred* is used as a basis for comparison with measured forces. The 
difference between measured and predicted force is presented in Fig. 12 
as a function of the magnitude of predicted force. Also shown are the 
respective upper and lower limits of the individual cyclic measurements. 


7 



A E DC-T R-65-228 


which were averaged to obtain the points presented. It can be seen in 
Fig. 12 that the force difference varied about zero in a random manner. 
No trend in the force difference with level of unbalance or rotational 
speed is evident. In addition, no apparent effects from the additional 
background vibration imparted by equipment required for altitude simu¬ 
lation were observed. In general, average measured total side force 
was within 5 percent of the predicted force for all force levels greater 
than 10 lbf. The difference between measured and predicted force was 
less than 0.5 lbf at operating force levels less than 10 lbf. 


SECTION IV 

NONAXIAL FORCE MEASUREMENT RESULTS DURING A MOTOR FIRING 


The ability to measure small nonaxial forces using the spin technique 
was demonstrated during two recent motor firings in Propulsion Engine 
Test Cell (T-3) conducted at rotational speeds of 100 and 200 rpm. The 
data are presented to illustrate the nature of transverse force results 
which might be expected from a motor firing. 

The variations in the upstream and downstream force measurements 
during the 100- and 200-rpm firings are shown in Figs. 13a and b, re¬ 
spectively. The data presented include corrections which were applied 
to account for the forced vibration magnification factor, electronic filter 
effects, and system unbalance forces. The unbalance correction was 
applied by assuming that the centrifugal force varied linearly with time 
from the pre- to the post-fire, steady-state conditions. Vector angular 
locations where the force magnitude is less than 0. 5 lbf are not shown 
(see Fig. 13a) since the angular data lose their significance as the vector 
magnitude approaches zero. 

The magnitudes of the forces measured at the upstream and down¬ 
stream stations during the 100-rpm firing were always less than 4. 0 lbf. 
The upstream force was less than 0. 5 lbf except during the period from 
14. 9 to 22. 7 sec, during which the phase variance between the upstream 
and downstream force measurements ranged from 50 to 160 deg. 

The magnitude of the downstream force measured during the 200-rpm 
firing ranged, primarily, from 6 to 18 lb f . The upstream force magni¬ 
tude remained around 2 lbf throughout the firing. The phase difference 
between the upstream and downstream force vectors varied from approxi¬ 
mately 60 deg at the start of the firing to approximately 120 deg at the 
end of the firing. 
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The fact that the upstream and downstream forces were out of phase 
throughout the entire burn time of the 200-rpm firing and during the 
period from 14. 9 to 22. 7 sec for the 100-rpm firing indicated the pres¬ 
ence of coupling action. 

After the upstream and downstream force vectors were determined, 
the vectors were translated to a common axial location (by the addition 
of a couple) and vectorially added to obtain a generalized nonaxial force 
system. The axial location chosen for the resultant force was determined 
such that the couple generated by translating the upstream and downstream 
force vectors was a minimum. The generalized force system, consisting 
of a single, radial force vector, a force axial location, and a couple, is 
equivalent to the original system consisting of the upstream and down¬ 
stream force vectors. The system is unique in that the couple acts in a 
plane perpendicular to the radial force vector which minimizes the 
couple magnitude. Figures 14a and b present the resultant force system 
for the 100- and 200-rpm firings, respectively. The nonaxial force 
vector was generally located near the axial plane containing the motor 
exhaust nozzle for both firings. Since the downstream restraining column 
was also located in this region, the upstream measurements had only a 
small effect on the resultant vector magnitude and angular position. 


SECTION V 

CONCLUDING REMARKS 


The results obtained from the dynamic transverse force calibration 
have demonstrated that nonaxial forces can be measured, using the spin 
technique, within 5 percent or 0. 5 lbf (whichever is larger) at rotational 
speeds to 250 rpm. The accuracy of measurement of the angular position 
at which the transverse force vector is directed depends on the force 
magnitude and the rotational speed of the system. The angular position 
can be determined within 5 deg at a nominal force level of 2 lbf and a 
rotational speed of 100 rpm. 

During a motor firing, additional inaccuracies may arise as a result 
of improper proration of the unbalance correction (normally assumed to 
vary linearly with time from pre- to post-fire) or from motor installa¬ 
tion misalignment. Based on experience gained during previous motor 
firings, it is estimated that the magnitude of the unbalance correction 
could be expected to range from 3 to 5 lbf depending upon the rotational 
' speed during firing. It has also been demonstrated that a motor can be 
aligned so that the motor centerline is concentric with the spin axis with¬ 
in 0. 0015 in. with little additional effort. 
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In summary, it is concluded that the spin technique for measuring 
nonaxial forces has significant advantages over the prevalent six- 
component stand method. This is particularly true for motors fired 
horizontally, where large corrections must be applied to the six- 
component stand pitch data to account for weight changes resulting from 
propellant consumption. In addition, a detailed knowledge of the six- 
component stand force interaction characteristics is essential for 
accurate data reduction, which necessitates costly stand interaction cali¬ 
brations. The spin technique, however, does not include provisions for 
measurement of the roll component of the force system and does not 
provide for continuous measurements (with time) of the nonaxial force 
vector since the average value of the nonaxial force is determined only 
once during each motor revolution. 


10 



AE DC-T R-65-226 


APPENDIX 

FILTERING TECHNIQUE AND DATA REDUCTION METHODS 


The spin technique for measurement of nonaxial forces from a 
sol id-propellant rocket motor was evaluated by conducting a dynamic 
force calibration from which a comparison between the measured trans¬ 
verse force and calibration force was obtained. The calibration force 
was generated by an eccentrically mounted rotating mass which produced 
a calculable centrifugal force. The following discussion outlines the 
methods used to determine the measured and predicted (calibration) 
forces. 

Measured Transverse Force 

The output signals from the transverse force measuring load cells 
were composed of components produced by (1) the forces produced by 
free vibrations of the system and (2) the forces produced by the calibra¬ 
tion mass. The free vibrations occurred at the system natural frequencies, 
whereas the frequency of the calibration force was equivalent to the 
rotational speed. The analog variation in the composite data signal for a 
typical calibration condition is shown below: 



Since only the calibration force component of the composite signal is 
of interest, a method for separating this force from the free vibrations is 
essential for accurate force measurement. Extraction of the desired data 
from the described composite signal was accomplished with low pass 
electronic filters (one for the upstream signal and one for the downstream 
signal) which had the capability of passing direct current electrical 
calibration signals and incorporated an adjustment whereby all frequencies 
above a given frequency setting were attenuated at a rate of approximately 
13 decibels per octave. In addition, however, the filters impart an 
angular phase lag (<£f) between the input and output signals. Typical filter 
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The calibration signal was extracted by re-recording the com¬ 
posite signals (upstream and downstream) through the low pass filters 
on an oscillograph and on magnetic tape recorders. The angular phase 
lag and amplitude effects of the filters on the data signals were deter¬ 
mined through use of an electronic oscillator. The oscillator provided 
a signal at a frequency equivalent to the rotational speed which was 
transmitted to the filters. The filter input and output signals from the 
oscillator were recorded and compared to determine filtef” effects. 



The angular phase lag was determined from the analog display on 
oscillograph. The amplitude effect (less than 1 percent) was deter¬ 
mined from the digitized magnetic tape data. 

The magnitude of the transverse force measured on the upstream 
and downstream load cells was determined by taking one-half of the 
algebraic difference between the maximum and minimum force values 
for each cycle of rotation (see Fig. 7b of the text). The upstream and 
downstream calibration force measurements were added to obtain the 
total transverse force since their cyclic variations were always in phase. 

Predicted Force 

The predicted force for each calibration condition is dependent on 
the system residual unbalance force, the imparted unbalance force, and 
the forced vibration magnification factor. The magnification factor is 
dependent on the system dynamic characteristics (Ref. 2) and is defined 
for a single-degree-of-freedom, second-order system by the following 
equation: 
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where: 


MF = magnification factor 
<o = rotational frequency 
<un = natural frequency 
C = damping factor 


The natural frequency was determined from wave analysis of data 
obtained from the calibration configuration to be 12 cps. The damping 
ratio was considered zero since its effect on the magnification factor 
is negligible in the region where the impressed frequency is much less 
than the natural frequency. 


The residual unbalance was 3.5 in. -lb m , as determined from forces 
measured at varying rotational speeds with no imparted unbalance. 

(nir)res = 


Hi* (MF) 

The final unbalance force was obtained by vectorial addition of the 
residual and imparted unbalance. The final predicted calibration force 
used for data comparison was obtained from the following equation: 


F pred - (MF) [(mr) res +■* ( mr )impJ 
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Fig. 3 Illustration of Spin Technique for Nonaxial Force Measurement 
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Force, lb. Force, lb 



a. Without Thrust Stand interaction 



Example: i 

F = - I F - F 

2 L Tnax min J 

- [(+ 15 ) - (- 5 )] - 10.0 

Zero Offset = — fF + F . "1 
2 |_ max minj 

- [(+ 15 ) + (- 5 ) ] “ 5.0 


b. With Thrust Stand Interaction 

Fig, 5 Example of Measured Force Variation during Rotation of a Transverse Force Vector 
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a. Top View, Looking Upstream 
Fig. 6 Dynamic Transverse Force Calibration Configuration 
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b. Side View, Showing Eccentric Mass 
Fig. 6 Continued 

















c. Schematic 
Fig. 6 Concluded 
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Upstream, Downstream, 


Speed Indicator Pulse 



a. Unfiltered 

Fig. 7 Typical Analog Trace of Variation in Upstream and Downstream Measured Force (Pressure Altitude - 100,000 ft) 
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b* Filtered 
Fig. 7 Concluded 
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Fig. 8 Comparison of Measured and Calculated Centrifugal Force with 
Rotational Speed 
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Fig. 9 Comparison of Ratio of Measured to Calculated Centrifugal Force with 
Theoreticol Values 
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Angular Phase Lag 
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Fig. 10 Difference between Measured and Actual Angular Position of 
Transverse Force 
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a. Rotational Speed, 100 rpm 

Fig. 13 Force Measurements in the Upstream and Downstream Transverse Restraining Columns during 
Typical Motor Firings 
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a. Rotational Speed, 100 rpm 

Fig. 14 Generalized Presentation of Radial Force Components during 
Typical Motor Firings 
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b. Rotational Speed! 200 rpm 
Fig. 14 Concluded 








UNCLASSIFIED 
Security Classification 


DOCUMENT CONTROL DATA • R&D 

(Securin' cIajsi /rearrun of frffr body of ah*tract and indexing annof«fror muai bo entered wfierr the ovaralt report js cla*mired) 


1 ORIGINATING ACTl^r^V (Corporate author) 2 a REPORT SECURITY CLASSIFICATION 


Arnold Engineering Development Center 
ARO, Inc.. Operating Contractor, 
Arnold Air Force Station, Tennessee 


UNCLASSIFIED 

2b GROUP 

N/A 


3 F1EPORT TITLE 

MEASUREMENT OF NONAXIAL FORCES PRODUCED BY SOLID-PROPELLANT ROCKET 
MOTORS USING A SPIN TECHNIQUE 


4 DESCRIPTIVE NO t ES (Type of report and inclusive dates) 

N/A 


5 AUTHORS (Lest name, first name. Initial) 

Nelius, M. A., and Harris, J. E., ARO, Inc. 


6 REPORT DATE 

November 1965 


8* CONTRACT OR GRANT NO. 

AF40(600)-1200 
b Program Element 65402234 


7a. total no. of pages 7b. no. of refs 


9 « ORIGINATOR'S REPORT NUMBER (S) 


AEDC-TR-65-228 


9 b. OTHER REPORT NOfSJ (Any o Mar nun ban that may ba masifrxad 
this raportj 


10. A VA IL ABILITY/LIMITATION NOTICES 


Qualified requesters may obtain copies of this report from DDC. 
DDC release to CFSTI and foreign announcement and distribution of 
this report are not authorized. 


11. SUPPLEMENTARY NOTES 


13 ABSTRACT 



This report introduces a technique for measurement of nonaxial 
forces produced by solid-propellant rocket motors which is independent 
of thrust stand interactions and motor weight variations. The 
technique consists of measuring the axial and two horizontal trans¬ 
verse forces (three components) while spinning the motor about its 
axial centerline. The accuracy of radial force measurement using the 
spin technique was established from a dynamic transverse force 
calibration which was accomplished in the presence of a 4800-lb-, 
thrust-simulating axial load. It was determined that radial 1 
forces having magnitudes less than 10 lbj could be determined within 
0.5 lbf and that radial forces greater than 10 lbf could be determined 
within 5 percent at rotational speeds up to 250 rpm. The principle of 
the technique, its limitations, and advantages are discussed. Details 
of the dynamic transverse force calibrations and test results of 
nonaxial force measurements during motor firings are also presente.d. 


DD 


FORM 

1 JIM (4 


1473 


UNCLASSIFIED 
Security Classification 















UNCLASSIFIED 

Security Classification 


14 

LINK A 

LINK B 

LINKC I 

KEY WORDS 

ROLE 

M T 

ROLE 

WT 

ROL E 

WT 

rocket motors 

solid propellants 

nonaxial forces 

transverse forces 

measurements 

spin techniques 








INSTRUCTIONS 


1. ORIGINATING ACTIVITY: Enter the name and address 
of the contractor, subcontractor, grantee, Department of De¬ 
fense activity or other organization (corporate author) issuing 
the report. 

2a. REPORT SECUHTY CLASSIFICATION: Enter the over¬ 
all security classification of the report. Indicate whether 
“Restricted Data’ 1 is included. Marking is to be in accord¬ 
ance with appropriate security regulations. 

2b. GROUP: Automatic downgrading is specified in DoD Di¬ 
rective 5200.10 and Armed Forces Industrial Manual. Enter 
the group number. Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as author¬ 
ized. 

3, REPORT TITLE: Enter the complete report title in all 
capital letters. Titles in all cases should be unclassified. 

If a meaningful title cannot be selected without classifica¬ 
tion, show title classification in all capitals in parenthesis 
immediately following the title. 

4. DESCRIPTIVE NOTES: If appropriate, enter the type of 
report, e.g., interim, progress, summary, annual, or final. 

Give the inclusive dates when a specific reporting period is 
covered. 

5. AUTHOR(S): Enter the name(s) of authors) aa shown on 
or in the report, Entei lest name, first name, middle initial. 

If military, show rank and branch of service, The name of 
the principal author is an absolute minimum requirement, 

6, REPORT DATE; Enter the dale of the report as day, 
month, year, or month, year. If more than one date appears 
on the report, use date of publication. 

7a. TOTAL NUMBER OF PAGES: The total page count 
should follow normal pagination procedures, Le., enter the 
number of pages containing information. 

7b. NUMBER OF REFERENCES: Enter the total number of 
references cited in the report. 

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter 
ihe applicable number of the contract or grant under which 
the report was written. 

86, 8c, & 8d. PROJECT NUMBER: Entei the appropriate 
military department identification, such as project number, 
subproject number, system numbers, task number, etc, 

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi- 
cial report number by which the document will be identified 
and controlled by the originating activity. This number must 
be unique to this report. 

96. OTHER REPORT NUMbER{5): If the report has been 
assigned any other report numbers (either by the originator 
or by (he sponsor), also enter this number! s)< 

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim¬ 
itations on further dissemination of the report, other than those 


imposed by security classification, using standard statements 
such as: 

(1) “Qualified requesters may obtain copies of this 
report from DDC. 1 ' 

(2) “Foreign announcement end dissemination of this 
report by DDC is not authorized." 

(3) “U. S. Government agencies may obtain copies of 
this report directly from DDC. Other qualified DDC 
users shall request through 

_ 19 

(4) “U. S. military agencies may obtain copies of this 
report directly from DDC. Other qualified users 
shall request through 

it 

(5) “All distribution of this report is controlled. Qual¬ 
ified DDC users shall request through 


If the report has been furnished to the Office of Technical 
Services, Department of Commerce, for sale to the public, indi¬ 
cate this fact and enter the price, if known. 

!L SUPPLEMENTARY NOTES: Use for additional explana¬ 
tory notes, 

LZ SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring (pay¬ 
ing for) the research and development. Include address. 

13 ABSTRACT: Enter an abstract giving a brief and factual 
summary of the document indicative of the report, even though 
it may also appear elsewhere in the body of the technical re¬ 
port. If additional space is required, s continuation sheet shall 
be attached. 

It is highly desirable that the abstract of classified reports 
be unclassified. Each paragraph of the abstract shell end with 
an indication of the military security classification of the in¬ 
formation in the paragraph, represented as (TS). (S), (C), or (U) 

There is no limitation on the length of the abstract. How¬ 
ever, the suggested length is from 150 to 225 words. 

14- KEY WORDS: Key words are technically meaningful terms 
or short phrases that characterize a report and may be used as 
index entries for cataloging the report. Key words must be 
selected so that no security classification is required. Identic 
fiers, such as equipment model designation, trade name, military 
project code name, geographic location, may be used as key 
words but wUl be followed by an indication of technical con¬ 
text. The assignment of links, rules, and weights is optional. 



UNCLASSIFIED 

Security Classification 















. ; or„c invi-; ti ;• tions un random inter 1 thrust 
,i;h sol i d sronell : u t rocr.ot i:.olore 

Vt > Buschul to and K. Sch/idow 


Jeuttcno 'orachun/rounot; It fur Luft- und Ruumfuhrt e.V« 
Insitut fur btruhlantriebe 
Truuen nbor Soltau/Hannover 
SKUMAHY 


Introduction 


It is -eneral practice to alter the direction of the llight-trujectory 
of :aisailea - lateral thrust produced by the propulsion device, mese 
forces act vertically to the missile axis. Various means are known and 
applied to jonerute such lateral forces by the missile propulsion system. 


ii -ht experiments with un.juided missiles some time a,.o showed that 
random lateral forces must also oe created oy tne rocket motor. There¬ 
fore we started a research pro, ram to clarify the ori, in, the effect 
ana the influence of thoso lateral forces arising auxin, motor firings. 
The pro ulsion ujuto used were solid propellant rockets. 

althou. h these side-forces are ..enerullj small compared to the uxiul 
t .rust , they may brin, Iona onto the airfr .l.c of a missile, which cannot 
be neglected .n all cases, especially if one things 01 lar er missiles, 
where the structure is not ..o stiff us with small rockets, .he investi- 
tionu hive been down with small rockets, but may related to lur^er 
ur its as wel 1 


kuoject ol t is paper will be to show some of the investigations per 
formuc and the basic results obtained. 


Thj oretica l con: . dem t l or,:.; 01 . pouamlo causes fo r l ateral thruat 

Af. die turnur.ees of unknown nature „re the onjin ol the unfavourable 
behaviour of th rocket motors, the explained problem Cur.not be attacked 
by theoretical-. r thematicul treatment up to this time. So an experimental¬ 
ly:!. -ol'-appro; c : uooiacd tc be tne only possible treatment. To establish 
u working pro, ran varxou.; cauueu huvo been coi.siaerec. Tnerocy lour 
different ,roups have aeon found. 

'flic first category 10 not induced in our tost pro, rain. It comprises 
the interaction ol thu i.otor jet with the free flow around the missile 
ood” lit unfavourable yeouetricnl confi .orations lateral 1 orceu can 
be produceJ. Jut normally t iese coni’i t :ur.»tlons are axisymnotrie, so 
that liter! t rust forces must not oe expected 

The second ,-ro.? is characterised by workin, conditions, where the 
flow as not ,/et or i.o more fully developed, this preferably 
occurs durir., tie i.nitioi. and the burr.-out phase. Chen tho pressure in 
the nozzle conpnrod to ti e ambient pressure ic too low, the flow sepurat.es 
oif i ie nozzle wall md tnua produces noa-ayuii.utric pressure distribution 






at the noz'.le -nil anti hence literal forced, Various reports have been 
ouilii eu concern ii jet sep..ration, bo that the characteristics oi it 
ure iuite well uti. on.tood. 

The third ,roup of possiul causes comprised those which do create lateral 
forcoo due to procooeea occurir., within the supersonic (i.e. diver,;ing) 
part of the thru, t-i o... lo. ,\o too ltu *e liver, in ( ; ii.,;1.8 and undue surface 
rou hncus ua posui-.lt c..uao3 are cxclu hod, or ly thornodynajiiio or chomie .1 
rhemowunn wuioi ire i.on-s. .metric.. 1 ly distributed across. thu noz..lo crosi— 
section .re to ue oonsiuered. Hero one has to think of differences in 
recombination ener, ies or velocities of coinuustion janes oi unequal mixture- 
ratio or afterourninp due to uncompleted combustion it, tlie chaaiber. 

The fourth ,;roup then comprises all phenomena occuring inside the combustion 
chamber arid in the an sonic portion of the nozzle <-lso 1 nfl-er.cin,; the 
flow downstre.ira the nozzle throat. Besides taos^ of thermochemical nature 
30 me cuusee uue to uerodynumic character .x ■ conceivei»sle. irom ineven 
combustion or by the confi uration of the propellant cloex rron-uxisyane trio 
flow towards the expansion - nozzle may be induced and ouch prodace uneven 
I veiocity - and pressure distribution in the whole nozzle llow, 

: j . perime ,t..l mvi . . .tions 

Causes of '-he first <;roup car. ct bo investigated by ug because of luck 
of technical nouns. The onuses of the second croup arc already well un¬ 
derstood. Therefore we started a program ainin/ ut the causes of c roups 
three : nd foux - . They are very difficult to study* as that occur under con¬ 
ditions inside tne combustion chamoer and the nozzle* where •loasurencnts 
oi the chan,,e of state in the ,us flow are almost impossible to perform. 

irr.t we tried to study the aerodynamic part of the possible causes and 
to find out, whether literal forces are created upstream or downstream 
the nozzle throat. 


y. 1 .'he air-f lo. .’ i.i u ol for flow c 1;mlaticn 

i ure 1 v. ows an ui:-flow model, which simulates tho flow inside u rocket 
motor and throu h the nozzle*. CompreSnQd sir was used .s florxin, - i;as. .’he 
pieces simulatin, the pro pell nt char,;e and the nozzle contour can >e ex- 
c.har ;ed by other profiles .id contours. 

.’he now wi.l_ visualized a. the Schlicren-techniiue in the supersonic nozzle 
part. . ad. waves ure produced uy thin wires of u.Uj mm di .meter (lie. * bj. 
The super .onic flow was visualized uy a mixture of -1-pcwoer aiic turpentine 
pni.itud on cm. of tho windows. The flow pattern then is visible uy the 
oruerin.; of i- rn,m by t‘.e air-flow ( i . *-• , 

xho chanucr pressure, wMc- the nodel-chamuer is operated with, is in the 
r .n c a from l j to 15 atmoep' oree. 

Photo rnphs as well in i, .-speed films were taken to rosolvo tho develop¬ 
ment of the flow-pattern. 

y . l .Tre e- con;, c j 1_ej_t_ t ir; .;.t n, fox’ motor :irin, s 

•or 1 sice- .orce me suroinonta with rocket motors u three-component thrubt ri 
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who built (Fit:-})* I- allowed to measure axial thrust and t'r 1 teri.l 
forces in two planes beir.,, perper.dicul; r to e;.c- o . or arcs, j.Usched 
to the motor near the nozzle lea', to .uortz-loud c..ll.-, i-> -re pre- 

loaded by weijVito boiri,: connected to the roc--> t *. r u>i . 1 
and over a wheel at the od :e of the riy constructed. iun. the -•xpeii 
munto it .v.io noticed, that the aide-force measure \ . > u influenced 

by heat conduction and raui. tion onto tho lond-c< 1 the e 1 , .0 

that heavy insulation wifi applied to tho cell and o;r 1 In 'dui .*iOf» 
the load-cells uro w.i tercorled. 

The minimum aide-force, that can be resolved by this tost i , is in the 
order of five -runs while the mean side-force v.lues observt-u ire in the 
order of sever 1 ten to several hundred /runs. An influence ol xi 1 1 js 
onto tho sido-forco pickups was not observed as well 

ference between the two side-force picxups when louu i- applies to o.:e of 
them onl , 

The rocket motor user, developou u tlirust in tho orcer ol 1kj. .ropeilunts 
burnt are double-base and composite powder. The double-base char, es stem 
from the production line of a factory, while the composite charges have 
been produced in the laboratory of our establishment. 


4. Experimental techiguos and results 

The cold-flow experiments have been made to eliminate effects that can 
be produced by chemical reaction or cooling of hot {rases. It was looked 
for purely aerodynamic causes ol side-force yencr.tion duriny *~ir. 1 low 
through the motor. In this program converyiny an, le, distance between 
nozzle entrance and char, o simulator, nozzle contour, ouar,:e channel wic.th 
and position of char,:* channel a^is relative to tho nozle uxie huvo been 
varied. 

All experiments show no side-force effects (fiy. 4) oesiuec that confi j- 
rationo where the char,to channel is par a 11 u ly offset from the nozzle axis. 

To eliminate effects of miuudjustmont of tho .ires on the noe.le wall, the 
tests were performed with the charge axis 1 mj above ..ltd nelow tuc nozzle 
a:is and thus evaluating only the dis tance between the Uuch.»uve intersectio; 
p into of ouch two configurations. 

It cun be stated that for cold-flow conditions 'well fabricated noz. lus'.vi th 
smooth nozzle surfucu show no side-forces, as lo is tao pr« file ol the 
muBs-flov/ itj axiuymmetrio «ith reapect to the non 1> - axis. a,, par li*?l 
or angular deviation of - ' this conditions results in si.ic.forc.es. ho od. in 
of thorn comes of the subsonic re, ion. Originally parallel devi it 1 : turn 
over into an angular deviation. Uiyulu tevi..tions orc..t. on all., ^inj 
flow in the supersonic re, ion. As the "he hliorcn ,, -pic Hu es Indie te the 
oscillation damps out mid increases in period 1.nyth downstream the super¬ 
sonic nozzle portion. (.iy. 4). 

Calculations made from velocity differences deduced from loach-wave au,;le 
measurements close to the noz .le wall ree tit in a size-force di.t, ram, 
plotted ovc the noz le lenyth as shown in the slide, (i - iy. !>)• 

As various noz le :eonotries have beer, used, unot .er noticeable 1 bservation 
y/as mile. The flow behaviom explained >efore led to the idea that cion ’utior 
of tiic nozzle throat to a channel with throat diameter miynt diminish the 
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,r, i 1 ,r deviation of mase-flow. Therefore a nozzle with a channel of 

le th of 1.0 was investi/utad. A remarkable readctioi of side-forces 
,,as ousorv u. i;'. b shows the compassion between a noz-le with a channel 

tit tho thro.it m<i one without it. 


Hy tne c l.l-flow pro ra.n the purely aerodynamic side of the problem thus 
ai cl rifiec. A he foil on in, recket no tor firings he I to mm at the phu: one- 
iiu :ri inutia froi.. thermodyi ....ic ami chemical properties of tne ccr/nustio/ 

, ne. o it vmn looked for h clean a rodynamic s/upe msi le the combustion 
chamber and of the exhaust nozzle. The deui r ,n result is shown in . i, . 7 
which "ives tae ui\>sb— section of rocket motor. 


The propellant char o is of tie "it. termtiohnl-buriiin " type n.d opet towards 
the nozzle i*t.trnr.ee in the faahion of a low tittle subsonic .iiffusor with 
steady croas-oectio: increase up to chumcr diameter. 


It. fact there i: a mass-flow increase with increase of cross-section urea. 

i, . ; :owu tne development of jas velocity w/n) iloi. the luotor 

c ;vc. Durir.j the ••us flow towards the nozzle no eddy*. or turbulence 
sroula acc ..r therefore. Juriny the test-program three different nozzles 
h ive ieer. men. "hey are showi in fi •, y (normal, "channel throat", sonic) 


Pi . 1j shows the pressure vs. time record uml the two side-force vs. ti .e 
records of a motor firi). . This picture is topical for all firings that 
iave seen performed. .iith respect to the lateral forcer throe re. imec can 
bo recognised, depicted as A, 3 and C. Tho re ,imes A and C are cc:nected 
to pressure built-up and decay at the beginning and at the end of burrir. -- 
time. 1: between both side-force traces oscillate without any predominat¬ 
ing frequency. The picture of the side-force traces var; fron one firing 
to the other, but in principle they show the same result. 


from t':ia it aunt be toted, that lateral thrust i3 always ,,enabated during 
rocket motor firings c-vt... n .‘id nozzle is fully flowing iir.il no jet sepi- 
rution car. oci ur mid the deni n of internal yas flow is aerod;. namically us 
clear as posziole. The siae-iorces measured with composite char ;es show 
penK-values i/i the or ier of half a percent of the axi .1 thrust of the 
rocl.et motor, ’hese peak-values lways are iii the triitu order of m nitude 
for c ur /..a of the same ohape and propellant. . iKewise the time-mean valu 3 
of t! si Je—forces l'or the entire 1 urnin, - time are charact/ li.itic for c rti i 
c . r c-types. 


It vut stated that the tine-nu n-and peak-values for tho ;sod dcu le- tee 
charges are only about half ns • ..t as for the composite propellant 
c : r es. An said uefore the reason for this cm .he thet t ie cc.iedai to¬ 
wn ■ cllnr i fabricated in the 1 .boratory in small ‘uai.titiea have not been 
mi zee at:d prepared oo well than ti.e double-oaue slues coding off an in¬ 
dustrial production, nut mother possible reasoi may lie i.. the basic ^ if— 
ferenoe in cor.oustior.-mt-ch/ir.isa with uou <le-base «n*i composite- wroi-ellur.u . 
It is iuu, imwle that tho coruuution of a heterogeneous propellant with 
ra/.uli.r inserts cre..tes strove: irregularities in r action thun h wisely 
homo eneous propellant like the ci&u»le-baue typ*- \t t'.is tine up tpeci .1 
i victi .tions have boor performed to look after t is .ucstions. 


Thu tests run .vith a nozzle h.avin. n channel at the throat with a length 
of n ^.ii. 1.8 d» urou.jht a reduction of the lateral thr at components r 
The j . luainin, peak-vul uvs arc in : •to order of 0. i of axial motor- thrust 
for v.. .iposiite as well as for dOuule-base char c-c. Thi. t .own that the damp- 


t»torYi.>n f - “•£** ,V' 
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with or without af terlmrnin, . 


.’urtheron it is noticed that the peak-values 01 later .1 tnruuture e x .ilv 
vith the "ci*a nel-throat" nozzle ior Doth types oi propoxlar. .s, 
SheiLu ixth‘the nSrS nozzle dear difference exist. Uttoa.ha sound 

verification Dy a lur.e teet program inciudin taoi e >.ui 1 » 1 ' ^ 

r» f iv r i f t h;il tho ratio oi lot. th to uiti&ifctGr o- u.ig 

»» «U l : ...to,, th. da,,!,,,. offoct of the 

channel rapidly vur.ioiies. 


a 
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Several motor firing with double-base char. es have oeeu made us in.. 
BOMic nozzle, i.« . without the supersonic, divergent poi txo... ( x. . 

"he picture of the side-force tncts look very much like t„ose ct 

with a normal supersonic nozzle, "rot. this attain it c t‘‘ ,'J'* [^ C \ .* 
the causes for lateral thrust of that random type is located iulI&b the 
combustion chamocr and the least no essential sia-forcs are eneratect 
ir* the supersonic portion oi the nozzle. 


The mail object of the firin.-s with this nozzle wat to aho* that the 
lateral thrust aliens during chamber pressure decay at burn- u. ..mat 
be attributed to jet separation in the supersonic no-- poi •* t 
As the side-force records sl.O'v there are no more lai„o i-*toru 3 • t. 
components at burn-out when u tonic nozzle is applied, je 
is the only cause for hi/h side-forces dunn,; pressure decay. 


AS it is shown in 7i . 1U stron,* side-forces are enerated during the 
pe riot i of ore a sure decay. These farces are caused o the jet B-tpuru iok 
off the mil due to too low pressure in the combustion chaser Jus is 
'L !lnoin pnenomonu. The pressure, at which ine scpurutio. bejins,_i ;; 
defined by the "Uu. -.errielu" criteria:,. As tests have shown, the pres.*. 

.. t t( „ .. .•■lerfield" crit« riuu Cut. be lowered ,y -he u.- 1 

nccorUi.it to * u • 1 *_’ ‘ or mn.riitu.lo cam ot be ;i ..r.ished 

XJ: of .o or. 100U... unor o«- 

tochnicol ax,no that oi ;ht M o U to t»M there tiie-iorecs. 


VI,o most difficult part of the .Uo-forto In.ooti. otiono io Uo.t of 
ro loe ft. .lore «o ,ro a till Joii,„ oxyonoonto to ml t.,e ccaoo or the 
si!le-."orces. i poo.iale c ,uoe c-.n oe atic-.oal preca .ro oil riuu ' 

the corahubtion ctiaiuber ener.ited oy tno i i.xttr cl.e 
pellant blab. 
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OiiClublOIX 


3; a rocket no tor fired to propel a mi 
1 .teral torusL com. i fit;-, which cm i 
tc i romurknilu J roe and a; ply lo . in 
'Operate vinr- tioiu or chocks of a con 
notified it burnout of ata e may be ut 
thrust forces;. Cola flow tout.; and la*. 
rccft.*t motor fin • u clearly demonstra 
r.i le-1 orce »npuar ince. *<< of the® arc 

effects duo to oi.-uas.-i n conditions i 
flow. 


uoile the thrust generated chows 
uflienee the fli,; .t trajectory 
oi.to the struct ire that may 
siderabl siren th. iyh forces 
tributed to the r... lUout lateral 
eral thrust measure me.-nLa during 
to ttree different regimes of 
easily identified as . ’isdy aamio 
ii the chamber uud for tno novizle- 


Besides those expected phenomena, later .1 thrust wao observed t..rou.- tout 
t e entire u irninr- time*with varying direction and raa niiuce. -t *ut 
possible to locale the oriyii. of the side-force genera tin,, ais.turua r ces 
' k s occur in , ii the subsonic portion of the motor and the noz..le. it is 
f-.url/ o vious that they are due to irrcauluri ties of tho chemical reuct- 
i. lechu.' ism during. coma »&tion. 

Bur .heron a method of damping down the peak-values was developed and 
l uccoogT ully tested. 

c jrc^ ru... pe formed so far comprises oi.ly a fovr points* v/iiiie the in- 
ves-. 1 pit ion of the influence of a number of parameters is still to be 
tone. 'Especially us far as damping methods are concerned systematic in- 
vetti tions will lead to still considerable improvemei ts. 

ii. .ily it is shown that some basic improvements should be worked out, 
il the niudistance of UhdUidod missiles shall be reduced, .he oruer ol 
ru- iltu.le of letcrul t trust observed is sufficiei.t to create consider¬ 
able fli ,ht path alte ntions. 



